Activities of choline-and ethanolaminephosphotransferase (CPT and EPT) were reproducibly high in microsomes from imbibed seeds of cotton (Gossypium hirsutum, L.). Initial studies showed that both activities dramatically declined during postgerminative growth when demand for phosphatidylcholine (PC) and phosphatidylethanolamine (PE) synthesis was high. Addition of CaCI2 (0.1 millimolar) or aliquots of supematant fractions (150,000g, 60 minutes) from cotyledons of 48-hour-old seedlings to imbibed-seed microsomes reduced the CPT and EPT activities to levels approximating those found in 48-hour microsomes. Inhibition by supematants was completely reversed by adding EGTA (1.0 millimolar), but not by boiling the supematants. EGTA (1.0 or 5.0 millimolar) relieved inhibition in cellular fractions whether it was added to the homogenization media or the assay reaction mixtures. A time course of CPT and EPT activities in cellular fractions prepared with 1.0 millimolar EGTA showed that activities were well developed in imbibed seeds, doubled coincidentally to a peak at 36 hours, then declined during the next 12 hours to levels approximating those in imbibed seeds. Greater than 90% of the CPT and EPT activities were pelletable (150,000g, 60 minutes) at all ages examined. Calcium apparently was artificially released upon homogenization, to a progressively greater extent in older cotyledons, and severely inhibited CPT and EPT activities. This is the only time course of CPT and EPT activities reported for cotyledons of any oilseed; it is substantially different from that in oil-storing endosperm.
During postgerminative growth of oil seeds, storage lipid is converted to carbohydrate and other organic constituents for seedling growth (16 and references therein). This is partly accomplished within glyoxysomes where the $-oxidation of fatty acids and the subsequent formation of succinate via the glyoxylate cycle occurs. Time courses of activities of the enzymes involved in these pathways show substantial increases after seed imbibition (6) . Glyoxysomes in cotyledons enlarge dramatically (6, 8, 17) , presumably to accommodate the increase in aquisition of enzymes involved in lipid metabolism. The surface area of glyoxysomes in cotton seedlings expands about fourfold; the source(s) of additional membrane phospholipid and the mechanism(s) of incorporation of lipid into expanding glyoxysome membranes remains unclear. ' Supported by National Science Foundation grant DCB 87-16009 to R.N.T. and in part by an ARCS Foundation (Phoenix, Arizona Chapter) Fellowship to K.D.C.
CPT and EPT2 catalyze the final steps in the nucleotide pathway of PC and PE synthesis, respectively (1 1) . PC and PE are the two most abundant phospholipids in most eucaryotic membranes and together account for 84% of the phospholipid in castor bean glyoxysome membranes (12) and 70% of the phospholipid in cottonseed glyoxysome membranes (4) . Time courses for these enzymes in endosperm tissue from castor bean showed that essentially no activities occurred in imbibed seeds, then a sharp increase in both CPT and EPT activities to a peak at 4 d became evident, followed by a subsequent decrease to near-zero levels by d 6 (2, 13) . Initial time courses of CPT and EPT activities in cotyledons of cotton seedlings showed just the reverse (3), i.e. activities were highest in imbibed seeds, then rapidly declined thereafter during the period of heterotrophic growth and glyoxysome membrane expansion. Comparative data for these activities in cotyledons of other oilseeds have not been reported.
It did not seem likely that our preliminary results reflected the in vivo situation because these data suggested that less PC and PE were synthesized when the demand for these phospholipids increased. It was more likely that an inhibition or inactivation of CPT and EPT activities, progressively more pronounced in older seedlings, was responsible for the decreasing activities observed. Kennedy and Weiss (7) , when first elucidating the nucleotide pathway of phophatidylcholine synthesis, noted that incorporation of choline phosphate into phosphatidylcholine was sharply reduced in the presence of Ca2'. Subsequent reports on activities of CPT and EPT from castor bean endosperm (9; TS Moore, Jr, JS Choinski, Jr, personal communications), Vicia faba roots (14) , and rat hepatocytes (1) implicated Ca2' as an inhibitor of these enzyme activities.
The purpose of this study was to investigate the apparent inhibition of CPT CPT and EPT activities were assayed based on the procedure described by Moore (11) . For 15 to 30 min at 37°C in a final volume of 0.5 mL. EGTA, where specified in "Results," was added to assay reaction mixtures to give appropriate final concentrations. Incubation times and enzyme amounts were experimentally varied to ensure conditions of the assay were saturating. The reactions were stopped by adding 3.3 mL chloroform:methanol:water (1:2:0.3, v/v/v). The mixture was separated into two phases by the addition of 1 mL chloroform and 2 mL 1.0 M KCI. Centrifugation (5 min, setting 7 in an MSE-GT2 tabletop centrifuge) improved separation of the two phases. The upper aqueous phase including the interface was aspirated and collected for proper disposal. The chloroform phase containing radioactive product (PC and PE) was washed twice with 2 mL 1.0 M KCI each. The remaining chloroform phase was transferred to a 7 mL glass scintillation vial and evaporated to dryness overnight under an exhaust hood or immediately with a stream of air. Samples were resuspended in 3 mL Beckman 4a20 scintillation cocktail and radioactivity was measured in a Beckman LS-8000 liquid scintillation counter or, alternatively, samples were dissolved in a small volume of chloroform for analysis by TLC. CCO was assayed as described by Tolbert et al. (15) , including a 1 min preincubation at 30°C with 1.0% (w/v) digitonin. Protein content was determined by Coomassie blue dye-binding method using bovine plasma y-globulin as a standard. CCR, CCO and protein assays were performed using a Beckman DU-64 spectrophotometer. 
RESULTS

Initial Time Courses of CPT and EPT Activities
Activities of both CPT and EPT were highest in imbibed seeds but decreased dramatically with age of the seedlings through 72 h of postgerminative growth (Fig. IA) . Activities of CPT and EPT showed the same temporal decline between 4 h and 48 h when microsomes were prepared in the presence of 1.0 mM PMSF (not shown) or when seedlings were grown in the light (not shown). In contrast, CCR activities in microsomal pellets increased through 48 h, and microsomal protein exhibited a fourfold rise before decreasing as the seedlings grew in the dark (Fig. 1B) . ICL showed a characteristic increase in activity in homogenates during postgerminative growth, peaking at 48 to 72 h after imbibition (Fig. IC) .
Factors Influencing CPT and EPT Activities
Previous reports of Ca"+ inhibition of these enzymes prompted us to test the effects of Ca2", EGTA, and 1 50,000g (60 min) supernatants on CPT and EPT activities (Table I) . Addition of 1.0 mm EGTA stimulated the activities of CPT and EPT in microsomes from 48-h-old seedlings to levels approximating those observed in 4-h-soaked seeds. Conversely, addition of 0.1 mm CaCl2 to microsomes from 4-hsoaked seeds clearly inhibited activities ofboth CPT and EPT. Mixing microsomes from 4-h-soaked seeds with 150,000g supematant from 48-h-old seedlings resulted in an inhibitory effect similar to that of adding 0.1 mm CaCl2. Inhibition by 150,000g supernatant from 48-h-old seedlings was partially relieved by boiling, but completely reversed by the addition of 1.0 mM EGTA. Table II shows the effects of varied EGTA concentration (1.0 and 5.0 mM) in the homogenizing medium and/or the assay mixture on CPT and EPT activities in different cellular fractions from cotyledons of 48-h-old seedlings. We were unable to reliably assay CPT and EPT activities in clarified homogenates in the absence of EGTA; i.e. the sum of enzyme activities recovered in 1 50,000g pellets and supernatants was much higher than activities measured in clarified homogenates from which they were derived. In contrast, nearly 100% recoveries of CPT and EPT activities in particulate and supernatant fractions with respect to clarified homogenates were reliably obtained when EGTA (1.0 or 5.0 mM) was included in homogenization media and in assay reaction mixtures. It was apparent from these data that greater than 90% of both CPT and EPT activities was particulate (150,OOOg pellet, 60 min).
Activities of both phosphotransferases in all cellular fractions were markedly higher in the presence of EGTA (Table  II) . Increasing the concentration of EGTA (to 5.0 mm EGTA) did not increase activities of CPT or EPT; enzyme activities generally were somewhat less. Mg2" was included in reaction mixtures for both enzymes as a cofactor. Because EGTA will chelate Mg2+, albeit with much less affinity than for Ca2 , the reduced activities at higher EGTA concentrations may be a result of a reduced availability of Mg2' to these enzymes. CPT and EPT activities in microsomes prepared from 36-h-old seedlings were 5 to 25% higher when assayed in the presence of 1.0 mM EGTA than with 0.1, 0.3, 3.0, or 10.0 mm EGTA (data not shown).
Revised Time Courses of CPT and EPT Activities
The time course of CPT and EPT activities was revaluated after 1.0 mM EGTA was included in homogenization media and assay reaction mixtures (Table III) . EGTA was included in both (to ensure chelation of Ca2") even though the data in Table II indicated that addition to either would yield reliable activities. At all ages, greater than 90% of phosphotransferase activities were pelletable (150,000g, 60 min). Recoveries in particulate and supernatant fractions with respect to clarified homogenates were between 85 and 115%, except at 72 h. Seedlings at this stage were greatly etiolated (radicles were about 15-18 cm long); thus, results for this time period were not considered physiologically relevant.
The pattern of enzyme activity with respect to seedling age was the same for both enzymes. Both CPT and EPT activities peaked at 36 h after imbibition (just prior to ICL, Fig. IC) . Peak activities were about twice those observed for imbibed seeds. CPT and EPT activities declined during the next 12 h such that levels in 48-h-old seedlings were similar to those in imbibed seeds. This pattern is in contrast to that observed when time course analyses were performed without additions of EGTA to homogenization media (cJf Fig. IA with Table III ).
DISCUSSION
Calcium was reported to affect activities of CPT in castor bean endosperm (5, 9) . Lord (9) reported that CPT in crude organelle (20,000g, 15 min) pellets from endosperm of castor bean was inhibited 50% by addition of 1.0 mM CaCl2 and 100% by addition of 50 mm CaCl2. In cotton cotyledons, addition of 0.1 mM CaCl2 reduced CPT and EPT activities in microsomes from imbibed seeds by 80%. A preliminary report suggested that calcium exerted a regulatory role on CPT activity in castor bean endosperm and that this action was mediated by calmodulin (5). This postulate was based on inhibitory effects with a calmodulin antagonist and sensitivity of CPT activity to inhibition at Ca> concentrations more than 1000-fold lower than those used in Lord's (9) (and our) experiments. Our data suggested that inhibition of cottonseed CPT and EPT activities in cotyledon homogenates was an artificial inactivation by Ca" resulting from cell disruption.
Lord (9) also reported that incorporation of '4C-CDPcholine and '4C-CDPethanolamine into '4C-phospholipid was reduced by additions of crude homogenates from castor bean. However, it was not clear from the data whether this was due to degradation of radiolabeled phospholipid or a decrease in CPT and EPT activities. Because an unequivocal reversibility of inhibition either by dialyzing or by boiling supernatants was not demonstrated, Lord stated that he was unable to identify the active inhibitor. In our system, we had the advantage of being able to compare CPT and EPT activities in fractions that were not inhibited (imbibed seeds, 4-h-old) with those where inhibition was clearly evident (germinated seeds, 48-h-old). Because of this, we unambiguously demonstrated inhibition of CPT and EPT activities by additions of CaCl2 or supernatants to microsomes, and reversal of these inhibitions by addition of EGTA.
Calcium inhibition of CPT activity (1) and both CPT and EPT activities (14) was reported for two other tissues. Alemany et al. (1) showed almost complete inhibition of CPT activities in rat liver microsomes by the addition of 0.3 mm CaCl2. However, assays were performed in the presence of 0.2 mM EGTA which should chelate up to 0.4 mm Ca>2; thus, it was difficult to assess the direct effects of calcium on CPT activity in these experiments. Oursel et al. (14) demonstrated almost complete inhibition of CPT and EPT activities by addition of 1.5 mM CaCl2 to microsomes prepared from Vicia faba roots. They also reported that microsomes prepared from plants grown with high Ca>2 (50 mM) had less CPT and EPT activities than plants grown with normal Ca>2 (0.1 mM). However, EPT activity in plants grown in 50 mM CaCl2 was only about 20% less than in plants grown in 0.1 mm CaCl2. Notably, activities of both CPT and EPT were at least 20-fold lower in microsomes from Vicia faba roots than in microsomes from cotton cotyledons (prepared with EGTA). It is quite possible that under their experimental conditions calcium was released during homogenization and substantially reduced activities of CPT and EPT in all their microsomomal preparations, thus clouding their interpretations.
A time course generated with 1.0 mm EGTA included in homogenization media and assay reaction mixtures revealed a very different developmental pattern compared to time courses generated without EGTA (cf. trend in Fig. 1A to trend in Table III) . A time course for CPT and EPT activities in cotyledons of other oilseeds has not been published to our knowledge. Published time courses for castor bean CPT (2, 13) and EPT (2) activities indicated that imbibed seeds had little or none of these activities. Imbibed-seed CPT and EPT activities in cotton, however, were more than half of the peak values (36 h) measured during postgerminative growth. The different time courses may reflect a difference in organelle membrane biogenesis between endosperm and cotyledons. Glyoxysomes in endosperm of castor bean do not enlarge (6); however, in cotton cotyledons glyoxysomes increase sevenfold in volume within 36 h after imbibition (8) . Perhaps the high phosphotransferase activities in imbibed cottonseeds reflect a more immediate demand for PC and PE synthesis.
We demonstrated that inhibition of CPT and EPT activities in tissue homogenates was reversible with EGTA. It was not possible to generate a valid time course of CPT and EPT activities in cotyledons of cotton seedlings without additions of EGTA. Attempts to measure CPT and EPT activities in vitro should take into account the release of endogenous calcium and the sensitivity of these enzymes to inhibition by calcium.
